Previous studies focused on psychrophilic adaptation generally have demonstrated that multiple mechanisms work together to increase protein flexibility and activity, as well as to decrease the thermostability of proteins. However, the relationship between high and low temperature adaptations remains unclear. To investigate this issue, we collected the available predicted whole proteome sequences of species with different optimal growth temperatures, and analyzed amino acid variations and substitutional asymmetry in pairs of homologous proteins from related species. We found that changes in amino acid composition associated with low temperature adaptation did not exhibit a coherent opposite trend when compared with changes in amino acid composition associated with high temperature adaptation. This result indicates that during their evolutionary histories the proteome-scale evolutionary patterns associated with prokaryotes exposed to low temperature environments were distinct from the proteome-scale evolutionary patterns associated with prokaryotes exposed to high temperature environments in terms of changes in amino acid composition of the proteins.
Introduction
Thermophilic adaptation in prokaryotes has been a hot research topic in microbial ecology and evolutionary biology. Understanding what allows proteins from thermophiles to function at high temperatures, not only will be beneficial to protein engineering (Wijma et al. 2013) , but also will help to answer evolutionary questions (Boussau et al. 2008; Puigbò et al. 2008; Hobbs et al. 2012) . Temperature exerts strong selective pressure on organisms and is one of the most important drivers of the composition of microbial communities (Sharp et al. 2014) . The mechanisms in microorganisms that respond to high temperatures have been shown to be multidimensional, involving DNA-binding proteins, specific topoisomerases, repair mechanisms that protect against DNA damage (Forterre 2002; Brochier-Armanet and Forterre 2007) , more rigid membranes (Koga 2012) , etc. Besides these physiological strategies to cope with high temperature, on the aspect of protein structure, an important thermal adaptation in a wide range of proteins is the inclusion of more hydrophobic amino acid residues and residues with altered charge or polarity in their sequences (Ló pez-García et al. 2015) .
Until now, there have been more reports on high temperature adaptation than on low temperature adaptation (Metpally and Reddy 2009; Paredes et al. 2011; Struvay and Feller 2012) ; however, some studies have reported psychrophilic adaptations of individual enzymes (Pulido et al. 2007; Parvizpour et al. 2015) . Psychrophilic proteins are generally characterized by a higher degree of structural flexibility, lower thermostability, and higher specific activity at low temperatures compared with their mesophilic counterparts (de Maayer et al. 2014) . For instance, comparative genome analysis indicated that there is reduced use of Pro, Arg, and acidic amino acids, in a significant portion of the Psychrobacter arcticus proteome (Ayala-del-Rio et al. 2010) . Similar results were also found in the psychrophilic strains of Shewanella and gamma-proteobacteria (Zhao et al. 2010) . For the coldadapted Archaea, proteins are characterized by a higher content of noncharged polar amino acids, particularly Gln and Thr and a lower content of hydrophobic amino acids, particularly Leu (Saunders et al. 2003) . Therefore, it has been considered that low temperature adaptation may involve mechanisms opposite to those of high temperature adaptation, based on some single protein comparisons (Nakashima et al. 2003; Siglioccolo et al. 2010) ; for example, more flexible proteins with reduced hydrophobic cores, less charged surfaces, and more glycine residues (Feller 2010; Reed et al. 2013) .
However, structural analyses of some individual psychrophilic enzymes have shown that amino acid substitutions at some crucial sites could effectively change the flexibility of proteins (Xie et al. 2009; Parvizpour et al. 2015) , and different low temperature adaptation strategies have been reported in different organisms (Casanueva et al. 2010) . If targeted amino acid substitutions are a common phenomenon, then amino acid frequencies in whole proteomes should not change drastically in the opposite direction for high temperature adaptation. Decade ago, Methé et al. (2015) had found that there are more significant differences in amino acid composition between the thermophiles and either mesophiles or psychrophiles than between mesophiles and psychrophiles, by comparing the amino acid compositions of 22 predicted proteomes. Thus, low temperature adaptation may not be the opposite process of high temperature adaptation, at least in terms of the extent of changes in the amino acid composition of their proteomes.
Many studies have attempted to correlate protein thermal stability with sequence-derived de Vendittis et al. 2008) or structure-derived (Maugini et al. 2009; Ma et al. 2010) features. So far, two major strategies have been used to investigate whether some amino acids are more favored than others in thermophilic proteins. One strategy is to compare the overall proportions of amino acid residues in protein sequences from microorganisms that live at different temperatures (Fukuchi and Nishikawa 2001; Singer and Hickey 2003; Berezovsky et al. 2007) , and then to calculate the correlation between the proportions of amino acid residues with the optimal growth temperature (OGT) (Suhre and Claverie 2003; Zeldovich et al. 2007; Wang et al. 2008 ). This approach suffered from the phylogenetic dependences of the analyzed samples, as well as the effect of genome-wide GC content bias (McDonald 2010) . A second strategy is to compare the abundances of amino acid residues from mesophilic and thermophilic proteins in pairs (Glyakina et al. 2007) , and/or to evaluate the substitutional asymmetry based on the homologous proteins of species pairs (Haney et al. 1999; McDonald et al. 1999; McDonald 2001 McDonald , 2010 . The main purpose of pairing was to reduce the effects of natural evolution and GC content bias when the species were phylogenetically close. However, because of the limited amount of genomic data that were publicly available, it was usually difficult to collect enough data that matched the conditions. The main goal of this study is to test the hypothesis that low temperature adaptation might not be an opposite trend of high temperature adaptation in terms of changes in the amino acid composition, and to determine the relationship between high and low temperatures adaptations. We analyzed variations in the amino acid residues of homologous proteins between psychrophiles and mesophiles and compared our results with the results obtained from a data set for high temperature adaptation based on statistically enough species pairs. Our results confirmed the original hypothesis and enriched our knowledge of the mechanisms of temperature adaptation of proteins.
Materials and Methods
Complete predicted proteome sequences of 2,806 prokaryotes were retrieved from the NCBI FTP server (ftp://ftp.ncbi. nih.gov/genomes/archive/old_genbank/Bacteria/; last accessed April 4, 2015). The OGT information was extracted from the DSMZ (http://www.dsmz.de; details shown in supplementary table S1, Supplementary Material online). We obtained OGT information for 915 of the 2,806 prokaryotes and tried to pair each of them with another species. Paired species were required to share taxonomic assignment at least to the family level (the genus level was preferential), have enough of an OGT difference (!10 C), and have no more than 5% difference in genomic GC content. When there were more than one candidate meeting the same requirements about taxonomic assignment and GC content, the one having the maximum OGT difference with target species was selected; if the maximum OGT difference appeared between target species and several candidates, the program selected one at random. Then, according to the phylogenetic analysis and the OGTs of the members of each pair, the species pairs were divided into two categories: lower temperature adaptation and higher temperature adaptation (details shown in table 1). The OGT ranges of psychrophiles and thermophiles were defined as 15 C and !50 C, respectively. The pairs containing merely species with OGTs from 15 to 50 C were removed. Moreover, if the species appeared in two pairs, and then another species paired with it belonged to the same genera, only pairs with maximum OGT difference were kept.
The homologous proteins of members of species pair were identified using OrthoMCL version 2.0 (Li et al. 2003) , and the transmembrane proteins among them were identified by using TMHMM 2.0 (Krogh et al. 2001) . To estimate the contribution of amino acids to protein stability, the scale developed by Takano and Yutani (2001) was used to calculate quantificationally changes of stability in the homologous proteins caused by the amino acid substitutions. In addition, because the contributions of amino acids to protein stability depend on their positions in the secondary structure, so we predicted the secondary structures of homologous proteins using PSIPRED 3.0 (Jones 1999) . For each pair of species, all orthologous proteins were aligned using ClustalW (Larkin et al. 2007) , and only orthologous proteins with distances less than 0.5 were used in the following calculations, in order to reduce the number of unreliable alignments caused by proteins that were too divergent. The distance of orthologous protein was defined as the ratio of the amount of variable sites (including sites with gaps) to the whole alignment length. To calculate the amino acid frequencies, whole homologous sites with different amino acids were extracted from the protein sequences. The substitution patterns were also recorded for the asymmetric substitution analyses. Then, the changes of protein stability were evaluated by summing the difference of the scales for the side-chain contribution to protein stability caused by the amino acid substitutions. Different scales were adopted where amino acids appeared in different secondary structure. If the summation was greater than zero, it indicated the substitutions make the proteins more stable.
The related calculations were executed using custom scripts in Python. The paired Student's t-test was used to test the significance of changes in amino acid frequencies between the low and high OGTs groups. For each pair of amino acids, one-sample Student's t-test was used to test the significance of the deviation of substitutions in two directions (i.e., A->B and B->A) from the expected zero, to determine the substitutional asymmetry. All statistical analyses were implemented using the R project software (R Core Team 2014).
Results and Discussion
The great increase of genome data has also made more available genomic data from psychrophiles (see supplementary table S1, Supplementary Material online). To investigate whether low temperature adaptation is an opposite process of high temperature adaptation, we screened paired species from the predicted proteomes downloaded from the NCBI Microbial Genomes database. The OGT information was obtained from the German Collection of Microorganisms and Cell Cultures (DSMZ; http://www.dsmz.de) resource. Paired species from the same genus (or at least the same family) were chosen. Differences in the genomic GC content of the paired organisms were restricted to 5%. Further, only the relative temperature difference was controlled in this study. Our approach allowed the observed variations of amino acid frequencies to be correlated with the relative OGT differences, as well as with mesophile-thermophile evolution. There are two advantages to this approach: one, the sample size to be analyzed was increased; and two, species pairs were not limited to mesophile-thermophile pairs, but two thermophile pairs were also compared.
Based on above-mentioned criterions, we obtained 915 prokaryotic predicted proteomes with OGT information from the NCBI and DSMZ databases and then further selected 47 species pairs consisting of 79 genomes with pairwise OGT differences from 10 to 35 C. Furthermore, for discriminating the psychrophiles and thermophiles more strictly, we defined the OGTs ranges of psychrophiles and thermophiles as 15 C and !50 C respectively. Of 47 species pairs, 17 pairs including merely species with OGTs from 15 to 50 C were removed. Then, for taking into account the number of samples and the violation of sample repetition to the statistical tests, three pairs having same species that were already appeared in other pairs were removed (pairs with greater OGT differences were kept). Notably, there were still six species appeared in two pairs, but the compared species with them in different pairs were from different genera. Finally 27 species pairs consisting of 48 genomes were screened for the following analyses. The details about the species pairs are shown in table 1. The average of GC content difference is 1.92%; there are 5/9 psychrophiles having higher GC content; and there are 10/18 thermophiles having higher GC content. These 27 species pairs were divided into two categories according to the OGTs of the members of the species pairs; that is, those with lower temperature adaptations ( 15 C; 9 species pairs) and those with higher temperature adaptations (18 species pairs).
Our study has two caveats. First, the partitioning of the data sets to represent lower and higher temperature adaptations was arbitrary. Besides the actual OGTs, a more reasonable way of determining whether a psychrophilic species had undergone lower temperature adaptation would be one based on exhaustive phylogenetic analysis and an investigation of their ecology. However, because information about the close neighbors of these psychrophiles was limited, so we estimated their temperature adaptation simply according to the actual OGTs and phylogenetic relationships presented in supplementary fig. S1 , Supplementary Material online. Second, most of the species pairs (18/27) were from the same families. Therefore, the complexities of evolutionary scenarios may have resulted in the loss of some predictive sensitivity, due to the potential long evolutionary distance between the members of these species pairs. Unfortunately, the trade-off between accuracy and comprehensiveness was entirely dependent on the data that are currently available.
We calculated the frequencies of amino acids at variable sites in whole homologous proteins to determine the difference in their frequencies between the groups with lower and higher OGTs (supplementary table S2, Supplementary Material online; the amino acids frequencies at all aligned sites are shown in supplementary table S3, Supplementary Material online). For each amino acid, two boxes are shown ( fig. 1A) : the left boxes show the amino acid changes in a subset of data that represented higher temperature adaptations and the right boxes show the amino acid changes in a subset of data that represented lower temperature adaptations. For higher temperature adaptations, of the polar uncharged amino acids, only the frequencies of Ser (P = 7.74 Â 10
À4
) and Gln (P = 0.0384) decreased significantly; of the charged amino acids, the frequency of Arg increased (P = 0.0114) and the frequency of Asp decreased significantly (P = 0.0331); and of the eight hydrophobic amino acids, only the frequencies of Tyr (P = 0.0221) increased significantly. Four of the other seven hydrophobic amino acids had increased frequencies, although they were not significant statistically (P > 0.05). Another important variation was the increased frequency of Pro (P = 0.0024) (Goihberg et al. 2007 ). These results related to higher temperature adaptations were generally consistent with previous reports (Sterner and Liebl 2001; Singer and Hickey 2003; Sadeghi et al. 2006) , except that some of the previously reported variations were not observed in this study, perhaps because of the data collection strategy that we used. For lower temperature adaptations, clearly the species (OGTs from 20 to 37 C; table 1) that were compared with psychrophiles (OGTs 15 C) did not contain the same pattern of changes in amino acid frequencies. Among the 20 amino acids, there is no any amino acid showed significant (P < 0.05) change in frequency, based on the present genomes data set. Overall, four amino acids including Arg, Ser, Pro, and Met showed different patterns between the subsets of data for higher and lower temperature adaptations.
To quantify the amino acid variations in the proteins of microorganisms faced with temperature changes, we calculated the protein stability (ÁÁG aa , see supplementary table S4, Supplementary Material online) of all the homologous proteins ( fig. 1B) . The stabilities of more than half of homologous proteins were enhanced through amino acid substitutions in the members of species pairs with higher OGTs (thermophiles, OGTs !50 C) in the subset of data for higher temperature adaptation. On the contrary, the kernel density based on the subset of data for lower temperature adaptation was different (P < 0.01). It indicates that the percentage of homologous proteins with enhanced stabilities, in the species (OGTs from 20 to 37 C) compared with psychrophiles, is significant lower. In other words, lower temperature did not make psychrophiles
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The percentage of homologous proteins with higher protein stability ( G) Density 100% 80% 60% 40% to decrease the protein stabilities extensively. Thus, the psychrophiles also contain a high proportion of homologous proteins with higher stability values indicating the protein stability. These results indicate that the psychrophiles did not extensively decrease the stability of proteins through amino acids substitutions. This supports the idea that only minor structural modifications are needed to engineer small increases or decreases of thermostability in psychrophilic enzymes, with an emphasis on local rather than global flexibility (Pasi et al. 2009; Xie et al. 2009; Casanueva et al. 2010 ).
Transmembrane proteins often use different strategies from intracellular proteins to adapt to high temperatures (Trivedi et al. 2006 ); therefore we analyzed them separately from the whole homologous proteins. Although some of the details are different ( fig. 1C and D) , the transmembrane proteins also showed that lower temperature adaptation was not the opposite process of higher temperature adaptation. Surprisingly, the frequency of Leu in proteins from psychrophiles was higher than in proteins from the other species in the pairs (most of them are mesophiles). This finding is inconsistent with a previous report (Metpally and Reddy 2009) .
The impetus underlying the amino acid frequency changes may be correlated directly with asymmetric substitutions (McDonald et al. 1999) ; therefore, we analyzed the patterns of amino acid substitution ( fig. 2 ; the detail data are shown in supplementary table S5, Supplementary Material online). For the higher temperature adaptation, the observed increase of Arg may be explained by asymmetric substitutions of Asp, Glu, Ser, Asn, Gln, Gly, and Ala, whereas the observed increase of Pro could be explained mainly by asymmetric substitutions of Asp, Ser, Thr, Asn, Gln, Gly, and Ala. Thus, the asymmetric substitutions from polar uncharged amino acids to hydrophobic ones contributed to an increased number of hydrophobic amino acids in the proteins. Positive charged amino acids were more favored than negative charged ones. Remarkably, seven amino acids, including His, Lys, Glu, Thr, Ala, Ile, and Met, were both favored and unfavored at the same time. Although this may explain why there were different kinds of asymmetric substitutions, these substitutions did not give rise to the significant changes of amino acid frequencies that were detected. In the subset of data for lower temperatures adaptation, of the eight hydrophobic amino acids, only Phe were favored by the paired species compared with psychrophiles. The polar uncharged amino acids trended to be substituted by Phe. The increase of Pro was found to be an important feature for high temperature adaptation (Goihberg et al. 2007 ); however, Pro was also found to be favored at certain homologous sites in proteins from psychrophiles. For verifying the difference of the patterns of asymmetric substitutions related to higher and lower temperature adaptations, respectively, we repeated the analysis based on three subdata sets: one was generated by removing all species
Higher temperatures adapation
Lower temperatures adapation FIG. 2.-Asymmetric substitution matrix showing the patterns of amino acid substitutions in homologous sites in lower and higher OGT groups. Only statistically significant asymmetric substitutions are shown (P < 0.05). Decreases in amino acid frequencies are shown in red; increases in amino acid frequencies are shown in blue. For example, the frequency difference between Asp!Arg substitution and Arg!Asp substitution was equal 0.2 (larger than zero significantly, P < 0.01), in the subset of data for higher temperature adaptation, indicating that the substitution from Asp to Arg is more frequent than the substitution from Arg replaced Asp. The depth of the color indicates a different degree of significance. pairs with OGTs difference under 15 C; second subdata set was generated by removing all species pairs belonging to domain Archaea; third subdata set was generated by removing all species including halophiles. All these results demonstrate that the patterns of amino acid substitutions under higher and lower temperatures are apparent different (supplementary fig. S2, Supplementary Material online) .
In summary, the evidence based on the variations of amino acids frequencies and substitutional asymmetry demonstrated that lower temperature adaptation was not the opposite process of higher temperature adaptation. This result is consistent with previous biochemical studies (Pulido et al. 2007; Fields et al. 2015; Parvizpour et al. 2015) . The evolutionary issue about the origin of the last universal common ancestor has been a focus of evolutionary biology (Galtier et al. 1999; Gribaldo and Brochier-Armanet 2006) . Through uncovering and analyzing the imprints left by the effects of temperature on ancestral organisms, the bacterial ancestor was predicted to be thermophilic and subsequently adapted to lower temperatures (Gaucher et al. 2008) . Similarly, the archaeal ancestor was also thought to have been thermophilic (Gribaldo and Brochier-Armanet 2006) . Although there might be two environmental temperature-related phases during the evolutionary history of the tree of life (Boussau et al. 2008) , high temperature is a crucial environmental factor for prokaryotic early evolution. Nevertheless, at present, more than threequarter of the earth's surface is occupied by cold ecosystems (Feller and Gerday 2003) , which implies that microorganisms that have experienced lower temperatures adaptation should be more extensive than microorganisms that experienced higher temperature adaptation during evolution. Our conclusion will provide new insight into the adaptive evolution of prokaryotes in response to changes in temperature. Recently, Ló pez- García et al. (2015) hypothesized that horizontal gene transfer might have been crucial for the adaptation of archaea to mesophilic lifestyles after their thermophilic origin. This hypothesis implies that the proteomes of extant mesophilic archaea retained some of the features of their thermophilic ancestors. Certainly, further and exhaustive analyses of mesophilic archaea and bacteria are required to test whether the features that were inherited from their thermophilic ancestors will still be needed in the future.
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